T ranscription is the first step through which the cell operates, via its repertoire of transcription complexes, to direct cellular functions and cellular identity by generating the cell-specific transcriptome. The modularity of the composition of constituents of these complexes allows the cell to delicately regulate its transcriptome. In a recent study we have examined the effects of reducing the levels of specific transcription co-factors on the function of two competing transcription complexes, namely CHIP-AP and CHIP-PNR, which regulate development of cells in the thorax of Drosophila. We found that changing the availability of these co-factors can shift the balance between these complexes leading to transition from utilization of CHIP-AP to CHIP-PNR. This is reflected in change in the expression profile of target genes, altering developmental cell fates. We propose that such a mechanism may operate in normal fly development. Transcription complexes analogous to CHIP-AP and CHIP-PNR exist in mammals and we discuss how such a shift in the balance between them may operate in normal mammalian development.
Science has long aspired to understand the mechanisms that regulate gene expression during development. In a simplistic view transcription of a given target gene is encoded in the DNA by enhancer elements, referred to as cis-regulatory modules (CRMs). CRMs harbor the transcription factor (TF) binding sites and act as docking platforms for a multitude of TFs that either activate or repress their target genes. The overall spatio-temporal
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Revital Bronstein and Daniel Segal* Department of Molecular Microbiology and Biotechnology; Tel Aviv University; Tel Aviv, Israel expression pattern of a target gene is determined by multiple inputs from different TFs that recruit RNA polymerase II and the associated transcriptional machinery to the gene's promoter. Concurrently the chromatin environment is modified to facilitate transcription. Various experimental approaches are being applied for fine dissection of the protein-DNA and protein-protein interactions involved in each of the steps of the transcription process. Mathematical and computational models use the resulting data to predict the transcription output not only of a single target gene but also of global gene regulatory networks. (For a comprehensive review of recent progress, see refs. 1-11.) In addition to dissecting the mechanisms of transcription, many studies aim at unraveling the driving forces in the evolution of transcription. [12] [13] [14] [15] Experiments comparing transcriptional outputs between various fly species have contributed much to this field. In Drosophila, the enhancer trap procedure was used for identifying regulatory sequences in the genome and for characterizing their expression domains using reporter genes. Expression from these CRMs was found to be very sensitive to hybrid genomes, and the availability of functionally active transcription factors was suggested to be a key feature leading to expression changes that may drive species and cell-type diversification. 16 Studies of conservation of CRM sequences between various fly species revealed cases of functional conservation despite relatively low sequence similarity and vice versa. 9, 17 These observations raise questions as to the co-evolution of CRM sequences in an evolving cellular milieu.
EXTRA VIEW EXTRA VIEW one molecule of APTEROUS (AP), 26, 27 through a LIM interacting domain (LID). 24, 26 AP is a LIM-homeodomain (LIM-HD) transcription factor 28 homologue of the mammalian LHX2 and LHX9. 29 CHIP and SSDP form an alternative complex ( Fig. 1) together with an additional co-factor dLMO (Drosophila LIM-only), a GATA family transcription factor, PANIER (PNR) and the β-HLH transcription factors ACHAETE (AC), SCUTE (SC) and DAUGHTERLESS (DA). [30] [31] [32] We refer to this second complex as CHIP-PNR. The two complexes are mutually exclusive. The co-factor dLMO binds CHIP, through the LID-domain, at a higher affinity than AP, thus displacing AP. 27 Moreover, the interaction between CHIP and PNR prevents CHIP from forming the homodimer that is crucial for the function of the CHIP-AP complex ( Fig. 1) . 30 multiple combinations of TFs. Different combinations (or complexes) direct the specificity of CRM binding and target genes selection and can even determine activation or repression mode of operation. Thus, signal transduction in the cell can be translated into cellular function via changes in the repertoire of transcription complexes, while in the course of evolution specific preferred complexes are selected.
In a recent study, 23 we aimed at analyzing the effect of changing the repertoire of transcription co-factors on the function of two competing transcription complexes that are highly conserved from flies to mice. Both complexes assemble via the co-factor CHIP/LDB (alias CLIM or NLI). The complex, termed here CHIP-AP ( Fig. 1) , is composed of a dimer of CHIP molecules, 24 each of which binds one molecule of single-stranded DNAbinding protein (SSDP) through a CHIP/ LDB conserved domain (LCCD), 25 and Comparison of the CRM architecture between species indicates the importance of the position of TF binding sites relative to one another [18] [19] [20] or the spacing between them. 21 These observations suggest that the transcription factors that bind these CRMs may function as part of a yet undefined transcription complex. Thus, the location and spacing of the binding sites reflect the positioning of the transcription factors within the transcription complex. In such a case the evolution of the CRM sequences needs to be examined in relation to the evolution of the repertoire of transcription complexes in the cell.
A major current challenge is to understand how transcription operates in the overall cellular milieu. Recent studies (reviewed in ref. 22 ) indicate that transcription co-factors are key modulators in this respect. These transcription co-factors facilitate the formation of transcription complexes containing 11 Each molecule of CHIP/LDB can bind one molecule of a LIM-Homeodomain transcription factor, such as the fly AP and the mammalian LHX, 13, 14 through its LIM interacting domain (LID), 11, 13 and one molecule of SSDP through its LDB/CHIP conserved domain (LCCD). 12 LMO displacement of AP/LHX from the complex blocks AP/LHX-dependent expression of target genes. 14 Transition to the CHIP-PNR/LDB-GATA continues with the binding of PNR/GATA transcription factors in a region that overlaps CHIP/LDB dimerization domain, thus preventing the formation of a CHIP/LDB dimer. The β-HLH members of this fly complex are the AC:SC heterodimer and the DA protein. 17 The mammalian LDB-GATA complex contains the β-HLH members TAL1 and E47. [29] [30] [31] Moreover, the N-terminus of CHIP/LDB proteins is responsible for their interaction with both PNR 30 and RLIM. 40 Thus, PNR/GATA proteins may interfere with the interaction between CHIP/LDB and RLIM, rendering the CHIP/LDB-PNR/ GATA complex more resistant to proteasome-mediated regulation and less dependent on the levels of SSDP proteins than the CHIP/LDB-LHX/AP complex.
In mice the LDB1-LHX2 complex functions in the maintenance of stem cells in hair follicles 10, 47 and possibly in limb development. 48 A similar function was suggested for LDB1 in intestinal crypts 49 and for LDB1, 50 and LHX2, 51 in hematopoiesis. Specifically, in hematopoiesis, LDB1 has a critical role in the maintenance of fetal and adult hematopoietic stem cells and of cells downstream of them in the erythroid lineage. 50 Lhx2 expression also directly induces self-renewal of hematopoietic multipotent progenitor cells but at the same time inhibits proliferation of erythrocyte precursors. 51 In contrast the LDB1-GATA1 complex is associated with the activation of erythroid-specific genes and differentiation of erythrocytes. 52 Thus, it is possible that the role of the LDB-LHX complex is to maintain stem cells in a non-differentiated state while a shift towards the LDB-GATA complex directs differentiation of these precursor cells into the erytroid lineage. 53 A possible mediator of this shift is miR-223, whose expression in hematopoietic progenitor cells downregulates LMO2, whereas during erythropoiesis its level is markedly reduced resulting in upregulation of LMO2. 54 Indeed, expression of LMO2 in hematopoietic multipotent progenitor cells enhanced transcription of erythroid genes and increased erythroid differentiation. 55 Interestingly, LMO2 knockdown in erythroid cell line resulted in u pregulation of FOG-1-independent, GATA-1-repressed genes. 56 In this respect it would be interesting to examine whether FOG-1independent, GATA-1-repression is the result of downregulation of the transcriptional activity of the LDB-LHX complex.
Furthermore, in accordance with our model the levels of SSDP proteins modulate the assembly, DNA binding and target gene expression of the LDB-GATA complex in erythroid progenitors. In these target genes the latter could be divided into two classes: about half (N = 23) exacerbated the scutellar bristle phenotype and the other half suppressed it, reflecting the opposing functions of the two complexes in these cells. Thus, reducing the level of specific co-factors (ssdp -/+ or Chip -/+ ) was sufficient for altering the balance between the two complexes and this was manifested as developmental defects. When, in addition, the level of target genes was reduced further alterations of the developmental defects were apparent. It is therefore plausible that modulation of the availability of the co-factors serves as a mechanism for regulating the balance between these two complexes and this has a multiple down-stream effect. Studies on the corresponding mammalian complexes support this model.
The constituents, assembly and function of CHIP/LDB complexes are highly conserved through evolution. Complexes containing either SSDP-LDB-LHX proteins, analogous to the fly CHIP-AP complex [37] [38] [39] [40] [41] or SSDP-LDB-GATA proteins, analogous to the Drosophila CHIP-PNR complex [42] [43] [44] [45] (Fig. 1) have been isolated from mammalian tissues and their transcriptional activity has been amply demonstrated. Moreover, the mouse SSDP1 and the Drosophila SSDP proteins were shown to be functionally interchangeable. When either of them was co-injected along with Xlim1 and Ldb1 mRNAs into Xenopus embryos, they induced formation of secondary embryonic axis. 37 Similarly, AP and its human homologue LHX2 are equally able to rescue fly ap -/mutant phenotype and direct expression of CHIP-AP target genes in transgenic flies. 29 Mammalian SSDP proteins protect the LDB, LHX and LMO proteins from ubiquitination and subsequent proteasomemediated degradation by interfering with the interaction between LDB and the E3 ubiquitin ligase RLIM. 39, 40, 45 It is therefore possible that in the absence of SSDP proteins, CHIP/LDB and LMO can escape degradation by interacting with GATA and β-HLH proteins whose levels are not altered in the absence of SSDP. 45 Indeed, in the absence of SSDP a complex containing LDB1, GATA1, LMO2 and E47 was able to form only upon expression of the β-HLH transcription factor TAL1. 46 By reducing the availability of SSDP in ssdp mutant flies we tipped the balance between the CHIP-AP and the CHIP-PNR complexes in favor of the latter. We were able to show corresponding shifts in the expression of groups of putative target genes via microarray analysis of the transcriptome combined with analysis of enrichment for TF binding sites. Subsequent genetic tests revealed the functional consequences of manipulating the transcriptional level of individual putative target genes and found them to be strongly dependent on the transcriptional repertoire present in specific cells of the wing imaginal disc.
We examined two cellular milieus within the wing imaginal disc that differ in their repertoire of CHIP/LDB complexes. One milieu is the dorsal/ventral (D/V) boundary of the wing imaginal disc which is subjected to regulation by the CHIP-AP complex, and where pnr is not expressed. 33 Reduced transcriptional activity of the CHIP-AP complex causes irregularities in the D/V boundary, which are evident as notches in the adult wing margin. [34] [35] [36] We lowered the activity of the CHIP-AP complex by overexpressing its negative regulator dLMO, combined it with heterozygous loss of function mutations in the various putative target genes, and examined the effect of these combinations on the wing margin. As expected for genes whose transcription depends on the CHIP-AP complex, the majority (89%, n = 28) of the functional interactions observed involved exacerbation of the severity of the wing notching.
The second milieu involved the thoracic macrochaetae whose differentiation is regulated by both the CHIP-AP and CHIP-PNR complexes. While the CHIP-PNR positively regulates macrochaetae differentiation, the CHIP-AP complex negatively regulates it. 30 Here we found that reduced levels of ssdp or Chip result in a phenotype similar to gain of function mutations in pnr, namely duplication of scutellar bristles. This is consistent with our model in which reduced levels of SSDP tip the balance between the two complexes in favor of the CHIP-PNR complex. When either ssdp -/+ or Chip -/+ were combined with heterozygous loss of function mutations in the various putative gene that converts ecdysone into its active form in the peripheral tissues. These two seemingly opposing roles are suggested to maintain the normal balance between the two forms of the hormone during fly development. 71 In conclusion, transcription co-factors such as SSDP, CHIP/LDB and LMO can exert profound effects on the function of the transcription factors they bind. The transcription complexes formed by these interactions are subjected to delicate regulation depending on availability of the co-factors. Such regulation can direct cell differentiation by bringing about marked changes in the cellular transcriptome.
under Wnt signaling. 68 On the other hand in erythroid cells CtBP1 interacts with FOG1, and this interaction is modulated by differentiation-dependent post-translational modifications of FOG1. FOG1 also interacts with LSD1, as part of the CtBP complex, and the two co-occupy chromatin sites of genes known to be regulated by GATA1. 69 Whether CtBP and the transcription factors it binds are involved in CHIP/LDB complexes or function, as a distinct regulatory pathway, is yet to be determined.
While the interplay between the different CHIP/LDB complexes may direct differentiation of various cell types, further specificity in differentiation can be achieved via the function of their downstream target genes. Indeed, our results demonstrate the effects of cellular milieu on the function of the target genes themselves. For example, RNAi silencing of the putative target gene Xbp1 in pnr-expressing cells in the thorax, which include the scutum and scutellum (via pnr-Gal4), caused marked excess of bristles that were confined to the mid-line of the scutum. Yet, no extra bristles were observed on the scutellum, and some of these flies even exhibited a reduced number of scutellar bristles. 23 These observations indicate that the function of Xbp1 depends on differences between the cellular milieu of the scutum and scutellum. These differences apparently extend beyond the transcription regulation of the CHIP-AP and CHIP-PNR complexes, allowing for further specificity in directing the differentiation of these tissues.
This mode of action, where complexes with shared sub-units perform different transcriptional roles, which may result in opposing developmental effects in different tissue, is certainly not limited to LDB complexes. Indeed, the two Drosophila HAT complexes, dATAC and dSAGA, which share both the catalytic unit dGCN5 and the adaptor unit ADA3 but differ in the ADA2a or ADA2b subunits respectively, have very different effects on transcriptional gene regulation. [70] [71] [72] Interestingly, the dATAC complex positively regulates genes that participate in the synthesis of the steroid hormone ecdysone in the prothoracic gland. In contrast, this complex negatively regulates the cells the LDB-GATA complex binds to the promoter of the P4.2 gene. P4.2 is an important component of the red cell membrane skeleton 57 and its expression is tightly regulated during erythroid differentiation. 58 Humans with inherited mutations in this gene and mice homozygous for a targeted mutation of the locus exhibit defective erythrocyte ion transport and spherocytic anemia. [59] [60] [61] The DNA-binding activity of the LDB-GATA complex and resultant P4.2 gene expression increase with erythroid differentiation 44 and are very sensitive to the levels of SSDP2. 45 Thus, the balance between the LDB-LHX and the LDB-GATA complexes is important for normal differentiation of erythrocytes, similarly to our observations for the fly macrochaetae.
Obviously, additional levels of modularity remain to be uncovered. One interesting theme, which arose from our analysis of enrichment for TF binding sites, involves the C-terminal Binding Protein (CtBP). CtBP is a transcription co-factor that functions both as a suppressor and as an activator of transcription. 62, 63 In Drosophila, the interaction of CtBP with short range repressors such as KNI and SN enhances their repressive activity. 64 The binding sites for both KNI and SN were enriched in the upstream regulatory regions of putative target genes in our study. 23 Moreover, CtBP can directly bind PNR and its FOG co-repressor protein U-shaped (USH). This interaction negatively regulates the PNR-mediated proneural activation of ac/sc during thoracic sensory organ patterning. 65 In contrast, CtBP contributes to the activation of target genes in the wingless (wg) signal transduction pathway via its recruitment by ARMADILLO (the fly β-catenin homolog) and PAN to the PAN binding sites. 62 Interestingly, the PAN binding site was also enriched in the upstream regulatory regions of the putative target genes in our study. 23 Vertebrates have two ctbp genes, ctbp1 and ctbp2 (reviewed in refs. 66 and 67). Interestingly, in mouse embryonic stem cells CtBP2 represses genes that are necessary for self renewal and activates genes that lead to differentiation and induction of hematopoisis. 63 One of these genes is brachyury a direct target of β-CATENIN
